American Bison Impacts on Riparian and Wallow Vegetation Communities by Yu, Sze Wing
Clemson University 
TigerPrints 
All Theses Theses 
May 2021 
American Bison Impacts on Riparian and Wallow Vegetation 
Communities 
Sze Wing Yu 
Clemson University, szewing.ecology@gmail.com 
Follow this and additional works at: https://tigerprints.clemson.edu/all_theses 
Recommended Citation 
Yu, Sze Wing, "American Bison Impacts on Riparian and Wallow Vegetation Communities" (2021). All 
Theses. 3531. 
https://tigerprints.clemson.edu/all_theses/3531 
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for 
inclusion in All Theses by an authorized administrator of TigerPrints. For more information, please contact 
kokeefe@clemson.edu. 
i 
AMERICAN BISON IMPACTS ON RIPARIAN 




the Graduate School of 
Clemson University 
___________________________________________________ 
In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 
Wildlife and Fisheries Biology 
___________________________________________________ 
by 




Dr. David S. Jachowski, Committee Chair 
Dr. Donald. L. Hagan 






Grasslands are one of the most threatened landscapes in North America, and the 
Northern Great Plains Ecoregion of Montana has been identified as a global priority for 
grassland conservation. Within this ecoregion, the nonprofit American Prairie Reserve 
was created to establish a large conservation herd of plains bison (Bison bison bison, 
hereafter referred to as bison) in an effort to restore the landscape to ecological conditions 
prior to agriculture in the region. Bison are regarded as a keystone species for their 
unique behaviors that drastically influence ecosystem structure and function. Among 
these behaviors is a decreased use of riparian zones compared to cattle, which may lead 
to the recovery of riparian vegetation communities from overgrazing and trampling. 
Bison also create patches of disturbed soils on the landscape called wallows, which may 
provide habitat to plant species that would otherwise be outcompeted on the surrounding 
prairie, thus increasing landscape plant biodiversity. The Northern Great Plains is 
experiencing controversy over the bison restoration due to local concerns that year-round 
bison grazing will negatively impact riparian areas and upland forage more than seasonal 
cattle grazing, which is the norm. 
The objective of our first chapter was to compare the riparian vegetation 
community response to year-round bison grazing versus seasonal cattle grazing. In 2019 
and 2020 we surveyed vegetation and soil compaction within riparian zones of pastures 
exposed to either seasonal cattle grazing or year-round bison grazing. Out of 24 




woody height heterogeneity were higher in the bison restored sites than the cattle-grazed 
sites, while the rest of the variables did not differ between grazer treatments. Collectively, 
our findings show that bison restoration may be beneficial for some aspects of the 
riparian zone, and support reviews critiquing the promotion of seasonal grazing as 
superior to year-round grazing when it is not the case in many ecosystems. 
The objective of our second chapter was to evaluate whether wallows provided a 
different vegetation community than the surrounding prairie as described in studies from 
other systems, and whether these differences increased with time since bison 
reintroduction. We surveyed wallow vegetation within, at the edge of, and in the 
surrounding prairie of 30 wallows from 3 sites differing in year since bison 
reintroduction. We observed half as much perennial species richness and abundance 
within and at the edge of wallows compared to the surrounding prairie. Time since 
reintroduction also mattered, and the greatest difference in perennial species abundance 
between the wallow and prairie occurred 8-15 years since bison reintroduction and the 
least difference in hydrophyte richness occurred 2 years since bison reintroduction. Bison 
wallows in this region provided vegetation communities that differed from the 
surrounding prairie, although not consistently in ways that have been observed in the 
tallgrass and southern mixed-grass prairies. Collectively, our two chapters provided 
evidence that bison may be acting as a keystone species in changing the vegetation 
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CHAPTER ONE: RIPARIAN PLANT COMMUNITY RESPONSES TO BISON 
RESTORATION IN THE NORTHERN GREAT PLAINS 
ABSTRACT 
Grasslands are one of the most threatened landscapes in North America, and 
within grasslands, riparian zones are among the most biologically rich areas. However, 
riparian areas in grasslands are highly sensitive to disturbances such as grazing, leading 
to concerns that the transition of seasonal cattle grazing to year-round bison grazing 
could negatively impact riparian vegetation communities. Our first objective was to 
assess whether the restoration of plains bison (Bison bison bison), a native keystone 
species, would lead to a lessened impact on the riparian vegetation community compared 
to retaining non-native cattle in the Northern Great Plains of Montana. Our second 
objective was to assess whether the year since bison reintroduction had an effect on the 
vegetation community. In 2019 and 2020 we surveyed vegetation and soil compaction 
within riparian zones of pastures exposed to either seasonal cattle grazing or year-round 
bison grazing. Out of 24 vegetation and soil variables we measured, we found that 2 were 
significantly different between bison restored sites and cattle-grazed sites within the time 
frame of our study. Both native species richness and woody height heterogeneity were 
higher in the bison restored sites than the cattle-grazed sites. Bison restoration likely had 
an effect on these variables due to less frequent use of riparian areas compared cattle, 
which likely led to less grazing and trampling pressure on the vegetation community. 
Therefore, bison were not more impactful to riparian vegetation communities than cattle, 
1 
2 
and rather benefit some aspects of the riparian zone. Our findings add to similar studies 
of upland vegetation communities supporting bison restoration as a viable option to 
replace cattle grazing in the Northern Great Plains. 
INTRODUCTION 
In North America, temperate grasslands make up approximately a third of the 
continent’s land area but are one of the most threatened landscapes due to agricultural 
conversion (White et al. 2000). Within these grasslands, the Northern Great Plains 
Ecoregion has been identified as a global priority for conservation due to its remaining 
biodiversity, declining human population, and relative intactness of native and untilled 
habitats (Forrest et al. 2004). In 2001, the nonprofit American Prairie Reserve (APR) was 
established to create the largest nature reserve in the continental United States (APR 
2018). APR aims to achieve this mission by acquiring private lands and collaborating 
with public land agencies to stitch together a 3.5 million acre reserve in the Northern 
Great Plains of Montana. Central to APR’s mission is establishing a conservation herd of 
at least 10,000 plains bison (Bison bison bison, hereafter referred to as bison) in an effort 
to restore the landscape to ecological conditions of the past thousands of years prior to 
agricultural use of the land (APR 2018).  
Historically, bison functioned as a keystone species (Knapp et al. 1999). The 
definition of a keystone species is “one whose impact on its community or ecosystem is 
large, and disproportionately large relative to its abundance” (Power et al. 1996). Studies 




structure and function (Gates et al. 2010, Knapp et al. 1999). In the tallgrass prairie, bison 
selectively graze on grasses over forbs and other types of plants, leading to shifts in plant 
species composition and an overall increase in plant species richness and diversity 
(Knapp et al. 1999). Recently, large aggregations of bison in Yellowstone have been 
shown to modify the progression of spring vegetation growth through their intense 
grazing (Geremia et al. 2019). Other impacts such as wallowing and depositing feces and 
carcasses have been shown to increase plant diversity across the landscape (Reinhardt 
1985, Collins and Uno 1983, Knapp et al. 1999, Towne 2000). In the Northern Great 
Plains, McMillan et al. (2018) observed higher species richness and compositional 
heterogeneity in upland sites restored with bison compared to sites grazed by cattle or 
without grazers.  
Altogether, studies have found evidence for the ecological role of bison on the 
landscape, but research has been focused on uplands with few studies of bison impacts in 
riparian areas. Riparian zones are the ecotones between aquatic and terrestrial ecosystems 
(Gregory et al. 1991) and are among the most biologically rich areas in arid and semi-arid 
regions (Fleischer 1994). Riparian zones are also among the most sensitive and disturbed 
environments due to human-induced changes (Fleischer 1994, Nilsson and Svedmark 
2002). These changes include the introduction of cattle and numerous studies have 
documented the negative impacts of cattle on riparian vegetation caused by rubbing and 
trampling, selective grazing and browsing, and fecal waste (Belsky et al. 1999, Kauffman 
and Krueger 1984). These cattle-related impacts can lead to decreased herbaceous 




plant species composition with more exotic and upland species and less native and 
hydrophyte species (Reisner et al. 2013, Hough-Snee et al. 2013); decreased woody 
biomass and cover (Schulz and Leininger 1990, Hough-Snee et al. 2013); simplified 
vegetation structure and impeded plant succession with an even age structure (Earnst et 
al. 2012); decreased litter layer (Schulz and Leininger 1990); and increased soil 
compaction, erosion, and bare ground (Magner et al. 2008, Kauffman et al. 1983, 
Batchelor et al. 2015). Cattle contribute such extensive impacts on riparian areas because, 
unlike bison, they are more susceptible to heat and cold stress and seek cooler riparian 
areas at lower air temperatures than bison in the summer (Allred et al. 2013) and riparian 
areas for protection from wind and cold in the winter (Steuter and Hidinger 1999). In the 
Northern Great Plains, Kohl et al. (2013) found that cattle spent a higher proportion of 
time at water and stayed within 3-km from water, while bison roamed over 10-km from 
water sources. Given these differences in habitat selection, we expected bison to have 
less disturbance on riparian vegetation communities than cattle.  
Understanding the differences bison and cattle have on riparian zones will have 
policy implications in the Northern Great Plains. Local landowners are concerned that 
year-round bison grazing will negatively impact sensitive riparian zones on publicly 
grazed land more than seasonal, rest-rotational cattle grazing (Bureau of Land 
Management 2018). This controversy has impeded APR from changing their public land 
use contracts from seasonal grazing to year-round grazing on some properties (McDonald 
2018) while causing APR to revert from year-round to seasonal bison grazing at one site 




evidence of the impact of bison on riparian zones compared to cattle and can aid in this 
region’s land management decision making. 
The first objective of this chapter was to compare the riparian vegetation 
community response to continuous year-round bison grazing versus seasonal rest-
rotational cattle grazing. Based on the impacts of cattle, we hypothesized that bison 
restored riparian communities will have a greater richness and diversity of native plant 
species than cattle-grazed riparian communities (H1, Table 1.1), and that the bison 
restored communities will have a greater richness and diversity of hydrophyte species 
than communities grazed by cattle (H2). In contrast, we hypothesized that cattle-grazed 
communities will have higher richness and diversity of exotic species, colonizer species, 
and upland species. We also hypothesized a higher amount of woody regeneration with a 
higher heterogeneity of stem heights (H3) and increased vegetation structural 
heterogeneity (vertical and horizontal cover, H4) in bison restored communities than 
cattle-grazed communities. We hypothesized that bison restored riparian communities 
will have a thicker litter layer, more litter as the ground cover, and less bare ground than 
cattle-grazed communities (H5). Finally, we hypothesized that soil compaction will be 
lower in the bison restored communities than the cattle-grazed communities (H6). Since 
this region experienced bison reintroductions from a range of years, we wondered 
whether certain aspects of the riparian community responded sooner or later to bison 
reintroduction. Our second objective was to assess whether the year since bison 
reintroduction had an effect on the variables of the above hypotheses. Findings from our 




American grasslands, and addresses concerns of potential bison impacts in sensitive 
riparian zones that are currently used to argue against bison restoration in the Northern 




This study took place in the Northern Great Plains region of United States in 
southern Phillips County, Montana. This region of mixed-grass prairie had a patchwork 
of private and public lands, with 23% of the land being private, 36% being managed by 
the Bureau of Land Management (BLM), and 41% being managed by the U.S. Fish and 
Wildlife Service (USFWS) (Manning 2009). All of our study sites were on public BLM 
lands that were grazed by cattle from 1915 to 1970 with year-round, unregulated grazing 
intensity (McMillan et al. 2018). Since 1970, the grazing regime was changed to seasonal 
rest-rotation with cattle only grazing during the growing season (May 1st to October 30th) 
with moderate to light grazing intensity (0.20 to 0.40 Animal Unit Month (AUM/ha, 
amount of land needed to support one cow and one calf for one month; McMillan et al. 
2018). Therefore, similar to McMillan et al. (2018, 2020), we assumed that our study area 
experienced the same cattle grazing history until bison reintroduction in 2005. 
 
Bison-Grazed Treatment 
APR began reintroducing bison in 2005 as 16 animals were released into the 




translocations and reproduction added to this population so that there are now 
approximately 360 bison in Sun Prairie with less than 0.013 AUM/acre (S. Heidebrink  
APR, personal communication). Beginning in 2005, APR gained permission to 
rotationally graze bison on public lands adjacent to the private portion of Sun Prairie 
(specifically, the BLM-managed Box Elder and Telegraph Creek allotments). In 2008, 
APR gained approval to begin year-round continuous bison-grazing on these public 
lands, and this approval lasted the entirety of our study.  
Over time, APR removed interior fencing such that the bison herd gained access 
to portions of land at different times. This fence removal created 5 categories of the bison 
treatment based on the year (2009, 2010, 2011, 2012 or 2014) since bison first had access 
to that land (hereby called Units, Figure 1.1).  
 
Cattle-grazed Treatment 
 The cattle-grazed treatment consisted of 3 BLM grazing allotments (hereby called 
Units): Fourchette Creek, Third Creek, and Lower Third Creek (Figure 1.1). These Units 
were chosen due to their proximity to the bison Units. All 3 were rest-rotationally grazed 
with cattle from May 1st to October 30th (McMillan et al. 2018), and maintained higher 
grazing intensities than the bison Units with 0.138 AUM/acre in Fourchette Creek, 0.139 
AUM/acre in Lower Third Creek, and 0.183 AUM/acre in Third Creek (B. J. Rhodes 





Riparian Site Selection 
 To identify riparian areas, we used remotely sensed data from the Montana 
Natural Heritage Program (MTNHP), which has mapped wetland and riparian areas 
through photointerpretation of 1-m resolution color infrared aerial imagery taken from 
2005 through 2015 (MTNHP 2019). MTNHP classified wetlands using the Cowardin 
classification system of the federal National Wetlands Inventory and it classified riparian 
areas using the U.S. Fish and Wildlife Service’s System for Mapping Riparian Areas 
(MTNHP 2019). For this study, we selected five classes of wetlands and riparian areas 
(Freshwater Emergent Wetland, Riparian Emergent, Riparian Forested, and Riparian 
Scrub-Shrub, and Riverine) from MTNHP because only these occurred next to streams in 
our study area. Furthermore, we excluded areas with dikes, impoundments, reservoirs, 
and other manmade alterations that were categorized in MTNHP. 
To select locations for riparian vegetation sampling, we created polygons based 
on the extent of our five classes of riparian areas within each Unit using GIS software 
(ArcMap 10.7.1). We then drew thirty random points within the riparian polygons of each 
Unit such that points were at least 250 m apart and at least 150 m from a pond, dam, or 
manmade alteration. We used aerial imagery (Google Earth Pro 7.3.3.7786) to double 
check these criteria and removed points that were within 50 m of a fence. The flooding 
regimes of the locations were categorized by MTNHP as seasonal, temporarily, or 
perennial/intermittently flooded, and preliminary analyses showed no effect of the 





Field Vegetation Sampling 
We conducted field vegetation surveys from June-August of 2019 and June-
September of 2020. For each survey, a 100 m transect began on the random point and 
was randomly assigned to extend upstream or downstream. The transect took place on 
one side of the stream and followed the curvature of the stream based on the Greenline 
method defined by Winward (2000) so the transect would not leave the riparian zone. 
Along this transect, a 1x1 m quadrat was placed every 12.5 m to estimate aerial foliar 
cover of understory species (< 5 m tall) and ground cover (Figure 1.2). The presence of 
plant species and litter or bare ground was recorded for each of 25 points in a 5x5 grid 
within the quadrat (Figure 1.3). Then, species cover was calculated by dividing the total 
number of points with the species present by 200 (25 points x 8 quadrats). The same 
method was used to calculate litter cover and bare ground cover. We used 8 quadrats per 
transect based on species-area curves from pilot transects of 10 quadrats each, which 
showed a leveling off of additional species by the 8th quadrat for each Unit. We also 
measured litter layer depth (in cm) at the center of each quadrat. We placed a Robel pole 
(1.5 m tall with 5 cm segments of alternating white and black colors) at the center of each 
quadrat to assess vertical vegetation structure. We recorded the lowest segment that is at 
least 50% visible when the observer is standing at a distance of 4 m away at a height of 1 
m (Robel et al. 1970). The observer alternated between being perpendicular to the 
transect on the side away from the stream and on the transect before and after that 12.5 m 
mark. We recorded the number of stems per woody species rooted within a 3 m buffer 




categories were: 0-0.5 m, 0.5-1 m, 1-2 m, 2-5 m, and >5 m. For snowberry 
(Symphoricarpos spp.), we measured the length of the transect it intercepted because it 
was difficult to estimate the stem count of this densely-growing shrub. We collected 2 
soil cores per transect, 1 at the beginning and 1 at end of the transect, to assess soil 
compaction. The cores were first air-dried prior to transport, then oven-dried at 105 °C 
for 48 hours. Bulk density, a measure of soil compaction, was calculated by dividing the 
dry weight of the soil by the volume of the core (10.16 height x 2.54 radius cm cylinder). 
For future reference, we staked the random point with an orange metal survey marker and 
took photos at the random point in the direction of the end of the transect in a landscape 
orientation. We also took a video of the surrounding landscape at the random point.  
We aimed to conduct 9 transects per Unit because a power analysis using 2019 
data showed that 9 was the minimum sample necessary given an alpha level of 0.05 and 
Power of 0.8. However, in 2 bison Units we only accomplished 7 transects as these units 
were too small to allow for 9 transects each along with the criteria of spacing transects 
250 m apart (Table 1.2). To avoid the confounding effect of field season, we surveyed 
sites evenly across both years with the exception of Lower Third Creek due to fieldwork 
logistics (Table 1.2). 
 
Categorizing Species Data 
We categorized species as native, exotic, hydrophyte, upland, colonizer (annual), 
and/or late-successional (perennial) based on information from the U.S. Department of 




designation (https://plants.sc.egov.usda.gov/java/). If information was missing or unclear 
from this database, we used information from the Montana Field Guide 
(http://fieldguide.mt.gov/) and the Manual of Montana Vascular Plants (Lesica 2012), 
particularly for categorizing colonizing vs. late-successional species. 
 
Statistical Analyses 
We used a one-way mixed-effects Analysis of Variance (ANOVA) with Type II 
sums of squares to assess support for each hypothesis, with Treatment (bison or cattle) as 
the fixed variable and Year (2019 or 2020 field season) and Unit as the random variables. 
We used the following response variables per transect: richness and Simpson’s 1-D index 
values of native species and exotic species (H1); richness and Simpson’s 1-D index 
values of hydrophyte species, late-successional species, colonizer species, and upland 
species (H2); richness and total stem counts of woody species, length of transect (cm) 
intercepted by snowberry, and Shannon’s index of total stems per woody height category 
(H3); Shannon’s index and the coefficient of variation values of the Robel measurements 
and total plant cover across the 8 quadrats per transect (H4); and total litter cover, total 
bare ground cover, average litter depth (H5); and soil bulk density (H6; Table 1.3).  
We chose the Simpson’s 1-D index for H1 and H2 because it gives more weight 
to dominant species and less weight to rare species, and field observations showed that 
riparian areas in this system were dominated by a few species. Shannon’s index and 
coefficient of variation were chosen as measures of heterogeneity. We used the Shapiro-




Ladder of Powers if they did not meet the normality assumption, with the exception of 
snowberry intercept (H3) which used the Yeo-Johnson transformation due to zero-
inflation (Table A.1, Appendix 1). We used Levene’s test to assess the assumption of 
equal variances among Units. For tests that yielded a significant result, we subsetted the 
bison data and applied a simplified model just assessing whether the fixed effect of time 
since bison reintroduction had an effect on the response variable. We set alpha at 0.05 
and all analyses were conducted in R 4.0.3 (R Core Team, 2021). 
 
RESULTS 
 We conducted 42 bison transects and 27 cattle transects (Table 1.2). We 
encountered a total of 116 species (Table A.2). Overall, neither total species richness 
(bison, mean = 19.86, SE = 0.82; cattle, mean = 17.59, SE = 1.25; F = 0.65, p = 0.45) nor 
diversity (bison, mean=0.82, SE=0.01; cattle, mean=0.77, SE=0.03; F = 3.30, p = 0.12) 
differed between grazer treatments.  
 
H1: Richness and Diversity of Native and Exotic Species 
We found a significantly higher native species diversity in the bison Treatment 
than the cattle Treatment (F = 8.16, p = 0.03, df = 1, Figure 1.4, Table 1.3), although the 
time since bison reintroduction did not have an effect (p > 0.05). Native species richness 
and both exotic species richness and diversity did not differ between Treatments (F = 





H2: Richness and Diversity of Hydrophyte and Late-Successional Species 
The richness and diversity of hydrophytes, upland species, late-successional 
species, and colonizer species did not differ between Treatments (p > 0.05, Table 1.3). 
However, the diversity of late-successional species was near significance, with higher 
diversity in the bison Treatment (F = 5.61, p = 0.06).  
 
H3: Woody Regeneration and Heterogeneity of Heights 
 The heterogeneity of woody heights was nearly twice as high in the bison 
Treatment compared to the cattle Treatment (bison, mean = 0.84, SE = 0.06; cattle, mean 
= 0.46, SE = 0.08, F = 5.81, p = 0.05, Figure 1.5). Year since bison reintroduction did not 
have an effect. The species richness and total stems did not differ significantly between 
Treatments (p > 0.05, Table 1.3). The snowberry intercept did not differ between 
treatments (p > 0.05), but 31 transects recorded 0 snowberry intercept. When these 
transects were removed from analysis, the remaining 38 transects showed a significant, 
six-fold increase in the amount of snowberry in the bison Treatment compared to the 
cattle Treatment (bison, mean = 1566.56 cm, SE = 309.02 cm; cattle, mean = 264.24 cm, 
SE = 139.72; F = 14.56, p = 0.02, Figure 1.6). 
 
H4, 5, 6: Vegetation Structural Heterogeneity, Ground Cover, and Soil Compaction 
 The heterogeneities of Robel pole measurements and total plant cover per transect 








 We observed few differences between sites where cattle were retained and where 
bison were restored. Of the 25 response variables collected, we only found significant 
differences for native species diversity and woody heights heterogeneity – both of which 
were higher where bison were restored. Thus, year-round grazing by bison was no more 
detrimental to the riparian system than seasonal cattle grazing and may even benefit areas 
in terms of increased native plant diversity and woody height heterogeneity. 
 Previous research in upland systems found higher plant species richness and 
diversity in areas grazed by bison than areas grazed by cattle (McMillan et al. 2018, 
Towne et al. 2005). While we did not detect a difference in overall plant species richness 
and diversity between grazer treatments in this riparian study, we did observe 
significantly higher native species diversity in bison restored sites than cattle grazed sites. 
Bison restoration may be associated with higher native plant species diversity because 
bison spend less time near water than cattle, and therefore have less of an impact in the 
riparian zone. In this system, Kohl et al. (2013) found that cattle spent more time at water 
and stayed within 3 km of streams, while bison roamed over 10 km from water sources. 
This difference in habitat selection may be due to a difference in diet, in which bison 
have been shown to include more perennial grasses in their diet than cattle, causing them 




to select more forbs and woody plants than bison (Plumb and Dodd 1997, van Vuren and 
Bray 1983), which tend to grow in riparian areas rather than uplands. Bison also have a 
higher heat tolerance than cattle, which allows them to roam away from water sources 
(Allred et al. 2013). The difference in the frequency of riparian use may have led to 
decreased grazing and trampling pressure in riparian areas, allowing native plants to 
increase in abundance. Cattle-grazed riparian systems have been shown to have less 
native plant diversity and hydrophyte species due to selective grazing on palatable 
species and trampling (Belsky et al. 1999), and studies with cattle removal have found an 
increase in native forb cover (Earnst et al. 2012) and a shift away from grazing tolerant 
grasses, sedges, and forbs towards hydrophytic grasses and shrubs in as little as four 
years (Hough-Snee et al. 2013).  
 We hypothesized that bison restored sites would have lower exotic species 
richness and diversity because the decreased grazing pressure on native species may 
allow them to compete with exotic species. Instead, we found a lack of difference in 
exotic species richness and diversity between the treatments. One explanation could be 
that exotic species were uncommon in this study. Of the 27 exotic species we 
encountered, 21 had average cover values of < 1% across all the transects. Another 
explanation is that factors other than the grazer may be attributed to exotic species 
presence in both treatments. These factors include the cultivation of crops and natural or 
human-induced changes to steam flow (Richardson et al. 2007). The exotic species with 
the highest covers in our study were sweet clover (Melilotus officinalis (L.) Lam.) and 




were introduced for forage and hay and now widely established (Lesica 2012). Changes 
to riparian areas such as alterations to stream flow and damming may hinder native 
species adapted to the historical flooding regime and facilitate exotic species (Catford et 
al. 2014). Our study region consisted of extensively altered streams due to damming for 
cattle stock pond creation and diking for agriculture (APR 2018), which may have 
contributed to the lack of differences in exotic species measures despite a change in the 
grazer species. Lastly, both bison and cattle can spread the seeds of exotic species via 
their dung and fur (Rosas et al. 2008, Chuong et al. 2016). To manage exotic species for 
riparian restoration, further research is needed to pinpoint the factors contributing to their 
spread and establishment in this system. 
 Our finding of higher woody height heterogeneity in the bison treatment 
corroborates studies of woody response post livestock removal, in which shrub height 
heterogeneity increased within 4 years (Dobkin et al. 1998) and extensive regeneration of 
new shoots occurred within 1-3 years (Earnst et al. 2012). Therefore, bison restoration 
may have led to a release of woody species from grazing pressure and trampling and 
allowed woody plants to grow continuously and reach various heights over the past 11 
years. Of the woody species we surveyed, snowberry responded the most by being six 
times as abundant in the bison treatment than cattle treatment in transects where it was 
present. However, the lack of differences in total woody stems and woody species 
richness point to a need to reassess the woody community after a longer time since bison 
reintroduction. Indeed, cattle exclusion studies often require longer time periods of time 




rapid recovery of herbaceous plant communities 4 years post-removal of grazing 
disturbance but did not find a change in woody species abundance. Meanwhile, Earnst et 
al. 2012 found an increase in medium-diameter trees and hydrophytic shrub cover 10-12 
years post-removal, and Schulz and Leininger (1990) found riparian woody species such 
as willows (Salix spp.) increased 30 years post-removal. Although total woody stems did 
not significantly differ between grazer treatments, it appears that the earlier years of bison 
reintroduction (2009 – 2012) had higher counts of woody stems than the latest year of 
bison reintroduction (2014) and the cattle Units (Figure A.1, Appendix 1). Given the long 
timespan for woody species recovery and slightly higher woody stem counts in sites with 
longer histories of bison reintroduction, we recommend continued monitoring of woody 
vegetation in future decades. We also recommend active restoration of stream reaches for 
flood-adapted species such as the cottonwood, since damming and other forms of flow 
regulation may be limiting the dispersal and survival of this species in the region (Scott et 
al. 1997, Rood et al. 2007). Riparian woody vegetation is ecologically valuable in North 
American grasslands because it provides roots for bank stabilization, woody debris for 
fish and macroinvertebrate habitat, shade to stabilize and reduce summer water 
temperatures, and filtration of nutrients, sediment, and toxins from runoff (Lyons et al. 
2000). For example, snowberry is an important source of browse and shelter for many 
wildlife species (Favorite and Moore 2008) and cottonwood provides structural habitat 
for wildlife species (Scott et al. 1997). In our study area, the beaver is considered a 
keystone species in need of restoration and old and new beaver sign have been observed 




may lead to changes in the hydrology, geomorphology, and ecology of riparian areas and 
presents research and monitoring opportunities in these topics. 
 We did not detect an effect of year since bison reintroduction on the response 
variables that differed significantly between the bison and cattle treatments. A lack of an 
effect suggests that native and woody species responses may occur quickly post-
restoration. However, 2009 was the earliest bison reintroduction assessed in this study 
and 2014 was the latest. This time span of 5 years may not be sufficient for assessing 
differences in native and woody species responses we monitored. Further, significant 
differences in other vegetative conditions could occur over longer time horizons post-
treatment. This is particularly true for the responses of woody species, which may take 
decades to show noticeable changes. Therefore, we recommend continued monitoring to 
assess these responses over an extended time span.  
 An important caveat of this study is that bison were stocked at a lower density 
than cattle. The lower stocking density of bison is due to local concerns that bison will 
negatively impact the vegetation compared to cattle. Since we did not find greater 
impacts on riparian vegetation from bison compared to cattle at the current densities, it is 
possible that the bison density could be increased. Future research should assess how 
increasing bison stocking density over time may influence the patterns we observed to 
determine an ideal density for sustainable grassland management. 
 Collectively, our findings support reviews critiquing the promotion of seasonal 
grazing as superior to year-round grazing when it is not the case in many ecosystems 




et al. 2008). Our study addresses the controversy of year-round bison grazing in the 
Northern Great Plains due to local concerns that bison grazing will negatively impact 
riparian areas and forage more than seasonal rest-rotational cattle grazing (Bureau of 
Land Management 2018). In our study, year-round bison grazing did not lead to less 
richness or diversity of native, hydrophyte, late-successional, or woody species, which 
are cited as groups likely to decrease with cattle grazing (Belsky er al. 1999). We also did 
not find year-round bison grazing associated with lower vegetation structure or lower 
litter layer, which are impacts attributed to cattle grazing and trampling that can lead to 
decreased water infiltration, runoff and erosion, and loss of wildlife habitat (Belsky et al. 
1999). Nor did we find higher amounts of bare ground and soil compaction in bison 
restored sites compared to seasonal cattle grazing, supporting previous research that cattle 
grazed riparian areas had higher bare ground coverage than bison grazed riparian areas 
(Grudzinski et al. 2016). Considered in concert with findings in upland vegetation 
communities, bison restoration with year-round grazing is a viable alternative to seasonal 
rest-rotational cattle grazing in the Northern Great Plains and may even help restore some 
aspects of the riparian vegetation community. We recommend continued monitoring of 
the riparian vegetation communities because a longer timespan may reveal further 
changes as vegetation respond to bison restoration. We also recommend research into the 
ecological implications of these changes for soil health, hydrology, and wildlife habitat to 
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Figure 1.1: Map of the study Units. The black polygon is Sun Prairie, and polygons of 
various shades of pink are the bison Units of different years. The 3 polygons in shades of 
brown are the cattle Units. Blue polygons within each Unit are the riparian areas, and red 








Table 1.2: The numbers of transects we conducted per Year and Unit. Lower Third Creek 
had most transects completed in 2020 due to an inability to reach most of the Unit in 
2019. 
Treatment Unit Number of Transects 
 
2019 2020 
Bison 2009 4 5 
2010 4 5 
2011 4 3 
2012 4 3 
2014 5 5 
Cattle Fourchette Creek 4 5 
Lower Third Creek 1 8 
Third Creek 4 5 








Figure 1.2: (above): Diagram of a transect and locations at which we measured species 
cover, ground layer cover, woody stem count, and Robel pole measurements. 
 
 
Figure 1.3: (above): The 1x1 m quadrat in which we estimated species cover and ground 





Table 1.3: Our hypotheses and associated response variables with estimates of mean and 















14.45±0.72 12.93±0.85 0.54 0.49 
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24.60±1.59 24.53±1.21 0.02 0.89 
 
H5 
Ground Layer Litter Depth 
 
3.81±0.36 2.71±0.46 1.91 0.22 
Litter Cover 
 























Figure 1.5: Heterogeneity of woody heights was significantly higher in the bison 





Figure 1.6: Snowberry intercept was significantly higher in the bison treatment than the 
cattle treatment for transects containing snowberry (n = 38). 
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The plains bison (Bison bison bison) is considered a keystone species of the Great 
Plains because of its unique behaviors that drastically influence ecosystem structure and 
function. One such behavior is wallowing, in which bison roll on the ground and create 
oval patches of bare ground called wallows. In the tallgrass and southern mixed-grass 
prairies, wallows have been found to allow ruderal plant species to thrive in a landscape 
dominated by competitive perennials and contain higher moisture for hydrophyte plant 
species compared to the surrounding prairie. Thus, wallows increase landscape plant 
biodiversity and environmental heterogeneity. Our objective was to evaluate whether 
wallows of the northern mixed-grass prairie provided a different vegetation community 
than the surrounding prairie as described in studies from other systems, and whether these 
differences increased with time since bison reintroduction. We surveyed wallow 
vegetation within, at the edge of, and in the surrounding prairie of 30 wallows from 3 
sites differing in year since bison reintroduction. We observed half as much perennial 
species richness and abundance within and at the edge of wallows compared to the 
surrounding prairie. We found no difference in ruderal species richness and abundance, 
exotic species abundance, and hydrophyte species richness and abundance among the 
wallow, wallow edge, and surrounding prairie. We also observed changes in vegetation 




with the greatest difference in perennial species abundance occurring 8-15 years since 
bison reintroduction and the least difference in hydrophyte richness occurring 2 years 
since bison reintroduction. Collectively, we observed that bison wallows in the northern 
mixed-grass prairie provided vegetation communities that differed from the surrounding 
prairie, although not consistently in ways that have been observed in the tallgrass and 
southern mixed-grass prairies. 
 
INTRODUCTION 
Wallowing is a common behavior among ungulates including the American plains 
bison (Bison bison bison), in which adult bison lie on the ground and roll towards the top 
of their back (Reinhardt 1985, Figure 2.1). This behavior creates circular to oval-shaped 
depressions in the soil called wallows which vary in depth from a few centimeters to over 
a meter, and in diameter from a few meters to over 45 meters when wallows are merged 
(Barkley and Smith 1934, Figure 2.1). There are many hypotheses for why bison wallow, 
including wallowing as a social behavior for male conflict, group cohesion, and play; a 
thermoregulatory behavior; and a nonsocial behavior to provide relief from shedding and 
biting insects, with the latter being most likely (McMillan et al. 2000). 
Wallow creation adds to the keystone role of bison because wallows increase 
biodiversity and environmental heterogeneity on the landscape (Knapp et al. 1999). 
Wallows raise environmental heterogeneity on the landscape by being patches with 
unique characteristics, moisture levels, and vegetation communities than the rest of the 




surrounding prairie matrix due to their constant disturbance and ability to hold water 
(Knapp et al. 1999). Active wallows have highly disturbed soils due to bison use which 
allow ruderal plant species, which are adapted to high-disturbance, low-stress 
environments (Grime et al. 1988), to exist without being outcompeted by perennials that 
dominate the surrounding prairie (Reinhardt 1985, Collins and Uno 1983). Exotic species 
have been shown to have higher cover in wallows than in the surrounding prairie due to 
increased bare ground, which facilitates colonization (Trager et al. 2004). Wallows have 
been shown to retain water after rainy periods due to soil compaction and provide habitat 
for mesic (drought-intolerant) species in an otherwise dry prairie (Polley and Collins 
1984). Because wallows add ruderal and moisture-adapted plants to the landscape, they 
raise overall plant biodiversity on the prairie. For example, McMillan et al. (2011) found 
that 25 of 153 plant species were only found within and at the edge of wallows in the 
tallgrass prairie. Once abandoned, they provide patches of habitat for a variety of 
arthropods in an otherwise arid landscape, including the endangered Karner blue butterfly 
(Hess et al. 2014, Nickell et al. 2015, Pfannenstiel and Ruder 2015), and may even 
provide breeding habitat for amphibians (Busby and Brecheisen 1997, Gerlanc and 
Kaufman 2003). Finally, wallows interact with factors such as fire and grazing to produce 
a patchy mosaic of sites that are bare, in succession, or with mature vegetation, further 
providing more heterogeneity across the landscape (Collins and Uno 1983).  
Wallowing is among several unique bison behaviors that influence rangeland 
conditions compared to the more predominant introduced large grazer in Great Plains 




the nonprofit American Prairie Reserve (APR) is conducting a largescale restoration of 
bison on a landscape typically grazed by cattle. Given ongoing concerns about the 
conversion from cattle to bison and impacts on rangeland conditions, and particularly 
vegetative communities (Bureau of Land Management 2018, McDonald 2018), there is a 
need to assess the extent to which bison restoration has influenced vegetative 
communities and broader landscape heterogeneity via wallowing. In addition, there is a 
need to assess the length of time it takes, post-reintroduction, to detect the effects of 
wallows on the landscape.  
Our objective was to evaluate whether wallows provided a different vegetation 
community than the surrounding prairie as described in previous studies, and whether 
these differences increased with time since bison reintroduction. We hypothesized that 
similar to wallows found in the southern mixed-grass prairies of Oklahoma and tallgrass 
prairies of Oklahoma and Kansas, the wallows in the northern mixed-grass prairie region 
will have a distinct vegetation community when compared to the surrounding prairie. 
Specifically, the species composition within wallows, at the edge of wallows, and in the 
adjacent prairie will be significantly different with higher richness and abundance of 
ruderal species within and at the edge of wallows while the adjacent prairie will have a 
higher richness and abundance of competitive perennials (H1). We hypothesized that 
wallows and wallow edges would have higher abundance of exotic species than the 
adjacent prairie (H2). Like wallows in the moister tallgrass and southern mixed-grass 
prairies, we hypothesized that wallows here will have significantly higher richness and  




difference in species composition between the wallow and prairie will be greater in 
properties with a longer time since first reintroduction compared to pastures with a more 




This study took place in the northern mixed-grass prairie of United States in 
southern Phillips County, Montana. This region is dominated by a mixture of short and 
tallgrass prairie species such as Pascopyrum smithii (Rydb.) Á. Löve, Schizachyrium 
scoparium (Michx.) Nash, Hesperostipa comata (Trin. & Rupr.) Barkworth var. comata, 
etc. (McMillan et al. 2018). 
We surveyed wallow and prairie vegetation on land managed by APR in their Sun 
Prairie and White Rock properties (Figure 2.2). Bison were first reintroduced in Sun 
Prairie in 2005, and over time, APR removed interior fencing such that bison gained 
access to portions of Sun Prairie with a range of years from 2005-2012. Sun Prairie also 
included a subsection called Telegraph Creek allotment in which bison were first 
reintroduced in 2014 on 10,517 acres (Figure 2.2). In total, Sun Prairie represented 2 
study sites with 2 categories of time since reintroduction (2005-2012 and 2014) and 
approximately 360 bison on 27,585 total acres (APR 2018). Our third study site, the 
White Rock site, was 25 km to the North, with 194 bison on 7,350 acres (Figure 2.2). 








 We surveyed wallows from May through August of 2019 and June through 
August of 2020. Within each site, we found wallows by going to high vantage points and 
using binoculars to scan the landscape. At each wallow, we marked the location with a 
GPS and we measured the greatest depth, maximum length, and width perpendicular to 
this length in cm. We surveyed vegetation at three locations: within the wallow, at the 
edge of the wallow, and in the adjacent prairie 20 m from the edge (Figure 2.3). We 
surveyed vegetation with methods similar to those described by Collins and Uno (1983) 
and McMillan et al. (2011). After visually estimating the center of the wallow, we 
generated a random bearing. We started a transect at the wallow center and ended it in the 
direction of the random bearing 20 m from the center. 3 more transects were set such that 
all 4 were at 90° angles (Figure 2.3). 
 We estimated aerial plant species cover to the nearest 1% using 20x50 cm 
quadrats (Figure 2.3). Within the wallow, 4 20x50 cm quadrats were placed centered 
along each transect and were evenly spaced apart. At the wallow edge, 2 quadrats were 
placed on the edge between the transects. In the adjacent prairie outside the wallow, 16 
quadrats were placed centered along the transect from the wallow edges to the ends of the 





Categorizing Species Data 
We categorized species as ruderal (annual or biennial), perennial, exotic, and/or 
hydrophyte (mesic) based on information from the U.S. Department of Agriculture 
PLANTS Database, focusing on the Great Plains region for the hydrophyte designation 
(https://plants.sc.egov.usda.gov/java/). If information was missing or unclear from this 
database, we used information from the Montana Field Guide (http://fieldguide.mt.gov/) 
and the Manual of Montana Vascular Plants (Lesica 2012), particularly for categorizing 
ruderal vs. perennial species. We acknowledge that ruderal species have multiple traits as 
adaptations to disturbance, such as a small stature, high growth rate, and large number of 
wind-dispersed seeds (Grime et al. 1988). However, we simplified ruderals to annual or 
biennial species because ruderals tend to have a short life history (Grime et al. 1988) and 
creating a ruderality index was beyond the scope of this study. 
 
Statistical Analyses 
 We analyzed H1-H3 using the nonparametric Friedman’s test to assess differences 
in response variables among the 3 wallow locations (within, edge, and prairie). We chose 
this nonparametric test due to unequal variances among the 3 wallow locations. If the 
result was significant, we used a post-hoc Wilcoxon rank-sum test with the Bonferroni 
adjustment method for pairwise comparisons of the 3 locations. We used species richness 




focusing on ruderal species and perennial species for H1, exotic species for H2, and 
hydrophyte species for H3.  
For H4, we used a one-way Analysis of Variance (ANOVA) with Type II sums of 
squares to assess differences in vegetation composition between the wallow and 
surrounding prairie among the 3 categories of bison reintroduction years (2005-2012, 
2014, and 2018). The response variables were the differences in richness and abundance 
between the prairie location and the sum of the within and edge locations per wallow. 
These response variables were calculated for ruderal species, perennial species, exotic 
species, and hydrophyte species. We used the Shapiro-Wilk test to assess normality and 
Levene’s test to assess equal variances. Variables that did not meet the normality 
assumption were square-root transformed. The ANOVA model used the bison 
reintroduction years as the fixed variable and the field season (2019 and 2020) as the 
random variable. When a significant difference was detected, we used multiple 
comparisons of means using Tukey contrasts to determine which year of reintroduction 
significantly differed from the rest. We set alpha at 0.05 and all analyses were conducted 
in R 4.0.3 (R Core Team, 2021). 
 
RESULTS 
We surveyed 10 wallows per site for a total of 30 wallows, spread evenly across 
the two field seasons (Table 2.1). On average, wallows had a depth of 3.88 cm, maximum 
width of 384.13 cm, and perpendicular width of 397.43 cm. All response variables for 




richness and abundance values within wallows (p < 0.001, Table 2.2, Figures 2.4 & 2.5). 
For ruderal species richness and abundance, exotic species abundance, and hydrophyte 
species richness and abundance, only the within wallow location differed from the other 
two locations by having significantly lower values than the prairie and edge (p < 0.001). 
Perennial species richness and abundance significantly differed among all three locations, 
with the prairie having nearly double the richness and abundance values compared to the 
edge, and over five times the richness and twenty-three times the abundance values 
compared to within the wallow (p < 0.003, Figures 2.4 & 2.5). Exotic species richness 
also significantly differed among the three locations, with the prairie having 1.5 times the 
richness of the edge and 4.5 times the richness of within the wallow (p < 0.003, Figures 
2.4 & 2.5).  
 We observed limited support for H4, where only the difference in perennial 
species abundance (p = 0.04) and hydrophyte richness (p = 0.02) differed between the 
wallow and adjacent prairie, among sites with differing years since bison reintroduction 
(Table 2.3). The difference in perennial species abundance between the wallow and 
prairie was over twice as high on the 2005-2012 site than the 2014 and 2018 sites (z = -
2.52, p = 0.03 compared to 2014; z = -2.46, p = 0.04 compared to 2018, Figure 2.6). The 
difference in hydrophyte richness at the 2018 site was significantly lower than the other 
two categories of years (z = -2.47, p = 0.04 compared to 2005-2012; z = -2.82, p = 0.01 






In support of the effects of bison wallowing behavior in other grassland 
ecosystems, we found that bison wallows in the northern mixed grass prairie differed in 
vegetative communities compared to the surrounding prairie. The richness and abundance 
of all species groups were significantly lower within the wallows than at the wallow 
edges or surrounding prairie, supporting findings from previous studies in which the high 
frequency of bison disturbance in wallows impeded plant growth (Collins and Uno 1983, 
Polley and Collins 1984, Trager et al. 2004, McMillan et al. 2011). Perennial species 
were the most variable across space and time, with the highest perennial richness and 
abundance in the prairie and significant differences in these measures over the years since 
bison reintroduction. Our results suggest that the vegetation communities of wallows are 
shifting as bison become established in the northern mixed-grass prairie. 
Consistent with previous research in the tallgrass and southern mixed-grass 
prairies, we found significantly higher perennial species richness and abundance in the 
prairie than within or at the edge of wallows. This finding supports the idea that recurring 
bison disturbance prevents competitive perennial species from establishing in or at the 
edge of wallows (Polley and Collins 1984, Polley and Wallace 1986). We also found that 
the difference in perennial species abundance between the wallow and surrounding 
prairie varied with year since bison reintroduction. Plots showed that the site with the 
longest time since bison reintroduction (8-15 years) had higher perennial species cover in 
the prairie compared to the sites with more recent reintroductions (4 and 2 years, Figure 




competitive perennials from establishing in wallows was maintained over time even 
though perennial cover increased in the surrounding prairie. As bison continue to 
establish and create wallows in this region, we would expect this difference in perennial 
vegetation between the wallow and prairie to increase over time – further increasing 
vegetative heterogeneity on the landscape. However, replicates of properties for bison 
reintroduction years would be necessary to confirm that perennial vegetation differences 
were due to bison and not inherent differences in these properties. 
We found no difference in hydrophyte richness or abundance at the wallow edge 
than in the prairie. Previous studies that found higher hydrophyte occurrence within 
wallows only did so in abandoned or remnant wallows that collected water (Polley and 
Collins 1984, Barkley and Smith 1934). Our wallows were all active so the frequent 
disturbance may have prevented hydrophytes from establishing. Our study region of the 
northern mixed-grass prairie was also a drier and hotter climate than the tallgrass prairies 
of previous studies, so none of the wallows retained standing water during the field 
season. However, we only surveyed wallows in the summers when heat and dryness were 
highest during the year. It is possible that wallows retained water in the spring, which 
could allow for hydrophyte presence. We found that the difference in hydrophyte 
richness between the wallow and prairie was lowest at the site with the most recent bison 
reintroduction (2 years prior to our sampling in 2018). Plots showed that this difference 
was due to low hydrophyte richness in the prairie in 2018 compared to the other years, 
rather than changes in the wallows over time (Figure 2.8). We are uncertain why 




bison reintroductions since all sites contained creeks and riparian areas in the vicinity of 
wallows (Figure 2.2). Bison selectively graze on grasses over forbs (Knapp et al. 1999) 
and the hydrophytes in our study were mainly forbs, so perhaps bison restoration allowed 
hydrophytes to increase in the prairie. Our findings suggested that the number of 
hydrophyte species may increase in the prairie as bison become established in the region.  
We did not detect a difference in the richness and abundance of ruderal species 
between the wallow edge and surrounding prairie, and this finding contrasted previous 
studies in the tallgrass and southern mixed-grass prairies where ruderal species were 
found to be distinctly higher within and at the edge of wallows than the surrounding 
prairie (Trager et al. 2004, Collins and Uno 1983, Polley and Collins 1984, Polley and 
Wallace 1986). We expected frequent bison disturbance would suppress competitive 
perennials from establishing within and at the edge of wallows, and this in turn would 
allow ruderal species to take hold. However, other factors besides bison disturbance 
could contribute to ruderal species establishment in a wallow. These factors include 
proximity of seed sources, seed dispersal and dormancy, and microsite conditions needed 
for seed germination and seedling establishment (Polley and Wallace 1986). Perhaps not 
enough ruderal species were present at our study sites to provide seed sources for the 
wallow edges, or plants were not in close proximity to wallows for seed dispersal. 
Alternatively, bison may have selected areas of bare ground or already disturbed areas for 
wallow creation as shown in the tallgrass prairie (Coppedge and Shaw 2000), which 
would have led to similar amounts of ruderal species at the wallow edges and 




Our exotic species findings contrasted previous work in the tallgrass prairie, in 
which we found the higher exotic species richness in the prairie than the wallow or edge, 
and no difference in exotic species abundance between the edge and prairie. The exotic 
species we most encountered included the widespread and highly invasive Bromus 
tectorum L. and Bromus arvensis L., along with Medicago sativa L., Melilotus officinalis 
(L.) Lam., and Agropyron cristatum (L.) Gaertn., which were introduced to North 
America for forage and hay (Lesica 2012, Stubbendieck et al. 2017). These species were 
widespread in our study area and made up 20% of total forb area in the uplands 
(McMillan et al. 2018). The lack of difference in exotic species abundance between the 
edge and prairie could be explained by the above reasons for ruderal species since many 
exotic species tend to be ruderal. Of the 27 exotic species we encountered, 17 were also 
categorized as ruderal (Table B.1).  
 Bison wallows in the northern mixed-grass prairie provided vegetation 
communities that differed from the surrounding prairie, although not consistently in ways 
that have been observed in the tallgrass and southern mixed-grass prairies. The relative 
difference in vegetation communities provided by the wallows compared to the 
surrounding prairie changed over time for perennial species in just 15 years, pointing to 
the possibility of further differences as bison restoration continues. Therefore, wallows 
were capable of providing patches of habitat for certain plant species groups and can 
increase landscape plant heterogeneity, but further research is needed to pinpoint the 
factors other than bison disturbance that could influence the vegetation. These factors 




Furthermore, studies could investigate whether wallows act as habitat for species 
including arthropods, and how habitat use of wallows change over time. Lastly, the 
stocking densities were relatively low in our study (0.013 bison/acre in Sun Prairie and 
0.02 bison/acre in White Rock). We do not know how the density of bison relates to the 
number of wallows on the landscape, their frequency of use, and their ability to provide 
heterogeneity and habitat on the landscape. Future research should address how 
increasing the stocking density of bison affects the ecology of wallows. Wallowing is 
among several unique bison behaviors that drastically influence landscape heterogeneity 
compared to introduced grazers that lack these behaviors, and largescale bison restoration 
has the potential to restore the function of wallows on the landscape. Continued 
monitoring of wallows over a longer timespan would uncover how bison wallowing 






Figure 2.1: Adult bison wallow by lying on the ground and rolling towards the top of 







Figure 2.2: Our study area was in the American Prairie Reserve north of the Charles M. 
Russell National Wildlife Refuge in Phillips County, MT. We surveyed 10 wallows 






Figure 2.3: We surveyed wallow vegetation at 3 locations per wallow: within the wallow 
(brown), at the edge of the wallow (dark green), and in the adjacent prairie (light green). 
4 transects began in the center of the wallow and extended 20 m outside, with the 1st 
transect set in a random bearing and the next 3 set at 90° angles. We estimated species 






Table 2.1: The number of wallows conducted per field season, per site with year of first 
bison reintroduction. 
Year of  
Reintroduction 
Number of Wallows  
2019 2020 
2005-2012 6 4 
2014 4 6 







Table 2.2: Summary table of the Friedman’s test results for differences in response 
variables by the 3 locations at the wallow surveys. The mean and standard errors are 
presented per response variable, and values that share the same letter in the superscript 
(A, B, C) were not significantly different among the within, edge, and prairie locations. 
All variables showed a significant difference between the within location and edge and 
prairie (p < 0.05). 
Hypothesis Response 
Variable 
Location (Mean±SE) Χ2 
 
p 












































































Table 2.3: Summary of the ANOVA results for differences in response variables by the 3 
categories of year since bison reintroduction. The mean and standard errors are presented 
per response variable. For significant ANOVA results (p < 0.05 with a *), we used Tukey 
contrasts to determine which year of reintroduction significantly differed from the rest. 
Values that share the same letter in the superscript (A, B, C) were not significantly 
different among the within, edge, and prairie locations. 
 
Response Variable 






2005-2012 2014 2018   
Ruderal 
Species 
Richness 0.9±1.19 1.4±1.23 -0.1±0.60 1.87 0.18 
Abundance 0.02±0.11 0.08±0.08 -.003±0.07 1.26 0.30 
Perennial 
Species 
Richness 4.9±2.35 5.1±2.27 2.6±1.88 2.46 0.10 
Abundance 0.19±0.10A 0.07±0.06B 0.06±0.05B 3.58 0.04* 
Exotic 
Species 
Richness 1.7±1.35 1.8±1.0 1.5±1.13 1.86 0.18 
Abundance 0.04±0.11 0.10±0.08 0.05±0.08 0.52 0.60 
Hydrophyte 
Species 
Richness  0.4±1.02A 0.4±0.77A -1.0±0.75B 4.73 0.02* 






Figure 2.4: The richness of ruderal, perennial, exotic, and hydrophyte species were all 
significantly lower in the within wallow location than the wallow edge or prairie. The 







Figure 2.5: The abundances of ruderal, perennial, exotic, and hydrophyte species were all 
significantly lower in the within wallow location than the wallow edge or prairie. The 







Figure 2.6: The difference in species richness between the 3 categories of years since 
bison reintroduction was only significantly different for hydrophyte species, in which the 
2018 site had lower hydrophyte richness than the other 2 sites (left). The difference in 
species cover between the 3 categories of years since bison reintroduction was only 
significantly different for perennial species, which had significantly higher cover in the 







Figure 2.7: Plotting the cover of perennial species among the 3 wallow locations for each 
reintroduction year category showed that the significant difference in perennial cover 
between the wallow and prairie in 2005-2012 was due to high perennial cover in the 







Figure 2.8: Plotting the richness of hydrophyte species among the 3 wallow locations for 
each reintroduction year category showed that the significant difference in hydrophyte 
richness between the wallow and prairie in 2018 was due to low hydrophyte richness in 







APPENDIX A  
Table A.1: The transformations used for Chapter 1 analyses. Most transformations 
followed the Tukey Ladder of Powers.  
Hypothesis  Response Variable Transformation 
 
H1 




Simpson’s 1-D Cube 
Exotic Species Richness 
 
Square-root 








Simpson’s 1-D Square 
Upland Species Richness 
 
NA 






Simpson’s 1-D Cube 
Colonizer Species Richness 
 
NA 
Simpson’s 1-D NA 
 
H3 






Snowberry Intercept Yeo-Johnson 
 Shannon Index of Heights Square 





Shannon Index of Robel  Cube 






 Plant Cover Shannon Index of Cover Square 











Bare Ground Cover Square-root 







Figure A.1: Total woody stems did not differ between Treatments, but Units with longer 
time since bison restoration had higher counts of stems than the Unit with the most recent 






Figure A.2: Although vegetation structure heterogeneity in the form of the Shannon index 
and coefficient of variation of Robel measurements did not differ between Treatments, 
the mean Robel measurements were more variable and higher in the Units with longer 







Figure A.3: An example of a bison transect location from the 2009-2012 year of 
reintroduction site. Although the stream was dry during the survey (bottom left), the 





Figure A.4: An example of a bison transect location from the 2009-2012 reintroduction 
site. This portion of Box Elder Creek retained water throughout the summer and 






Figure A.5: The 2014 bison reintroduction site contained tributaries for Telegraph Creek. 
Perhaps due to less time since bison reintroduction, this site had few woody species and 






Figure A.6: A riparian area from the Fourchette Creek cattle allotment. Many riparian 
areas such as this one were dominated by grasses such as Hordeum jubatum L., Poa 
secunda J. Presl, or Pascopyrum smithii (Rydb.) Á. Löve. Upland shrubs such as 
sagebrush (Artemisia spp.) and greasewood (Sarcobatus vermiculatus (Hook.) Torr.) 






Table A.2: Species list and categories for Chapter 1. We used the USDA Plants Database 
(https://plants.sc.egov.usda.gov/java/), Manual of Montana Vascular Plants (Lesica 
2012), and Montana Field Guide (http://fieldguide.mt.gov/) to categorize species. The 
hydrophyte designation used the USDA wetland code for the Great Plains region (OBL = 
Obligate Wetland, almost always occurring in wetlands; FACW = Facultative Wetland, 
usually occurring in wetlands; FAC = Facultative, occurring in wetlands and non-
wetlands; FACU = Facultative Upland, usually occurring in non-wetlands; UPL = 






















































































0 1 1 0 0 1 FACW 
Allium textile A. 
Nelson & J.F. 
Macbr. 
















1 0 1 0 0 1 NA 
Apocynum 
cannabinum L. 




Artemisia cana Pursh silver 
sagebrush 
















1 0 0 1 0 1 UPL 
Artemisia tridentata 
Nutt. 





1 0 1 0 0 1 FAC 











1 0 1 0 1 0 OBL 
Bolboschoenus 
maritimus (L.) Palla 
cosmopolitan 
bulrush 
1 0 1 0 0 1 OBL 
Bromus arvensis L. field brome or 
Japanese 
brome 
0 1 0 1 1 0 FACU 
Bromus tectorum L. cheatgrass 0 1 0 1 1 0 NA 
Carex filifolia Nutt. threadleaf 
sedge 
1 0 0 1 0 1 NA 
Carex species 
(CABR10 or CAPR5 
or other) 
Carex sedge 1 0 1 0 0 1 NA 
Chenopodium album 
L. 





0 1 1 0 1 0 FAC 
Chenopodium 




1 0 1 0 1 0 NA 
Cirsium arvense (L.) 
Scop. 
Canada thistle 0 1 0 1 0 1 FACU 
Cirsium undulatum 

























1 0 0 1 0 1 UPL 
Descurainia species Mustard 
species 
NA NA 0 1 1 0 NA 
Distichlis spicata 
(L.) Greene 
saltgrass 1 0 1 0 0 1 FACW 
Echinochloa species Echinochloa 
species 
0 1 1 0 1 0 NA 
Eleocharis acicularis 
(L.) Roem. & Schult. 
needle 
spikerush 





1 0 0 1 0 1 FACU 
Elymus elymoides 
(Raf.) Swezey 
squirreltail 1 0 0 1 0 1 UPL 
Eleocharis palustris 
(L.) Roem. & Schult. 
common 
spikerush 
1 0 1 0 0 1 OBL 
Elymus trachycaulus 




1 0 0 1 0 1 FACU 
Equisetum 
laevigatum A. Braun 
smooth 
horsetail 






1 0 0 1 1 0 NA 
Galium aparine L. stickywilly 1 0 0 1 1 0 FACU 
Geum aleppicum 
Jacq. 































1 0 1 0 0 1 FAC 
Hordeum jubatum L. foxtail barley 1 0 1 0 0 1 FACW 
Iva axillaris Pursh povertyweed 1 0 1 0 0 1 FAC 
Juncus interior 
Wiegand 








1 0 0 1 0 1 NA 
Lappula species stickseed 0 1 0 1 1 0 NA 
Lactuca serriola L. prickly lettuce 0 1 1 0 1 0 FAC 
Lactuca tatarica (L.) 
C.A. Mey. var. 
pulchella (Pursh) 
Breitung 










0 1 1 0 0 1 FAC 




0 1 0 1 1 0 NA 
Machaeranthera 




1 0 0 1 0 1 NA 
Maianthemum 
stellatum (L.) Link 
starry false 
lily of the 
valley 
1 0 0 1 0 1 FACU 
Marsilea vestita 
Hook. & Grev. 
hairy 
waterclover 
1 0 1 0 0 1 OBL 
Mentha arvensis L. wild mint 1 0 1 0 0 1 FACW 
Medicago lupulina 
L. 
black medick 0 1 0 1 1 0 FACU 
Melilotus officinalis 
(L.) Lam. 
sweetclover 0 1 0 1 1 0 FACU 




















1 0 0 1 1 0 FACU 
Packera indecora 




1 0 1 0 0 1 FACW 
Pascopyrum smithii 
(Rydb.) Á. Löve 
western 
wheatgrass 
1 0 0 1 0 1 FACU 










scouleri (Hook. & 
Arn.) I.M. Johnst. 
Scouler's 
popcornflower 
1 0 1 0 1 0 FACW 
Polygonum 




1 0 1 0 0 1 OBL 
Poa arida Vasey plains 
bluegrass 
1 0 1 0 0 1 FAC 
Poa compressa L. Canada 
bluegrass 
0 1 0 1 0 1 FACU 
Populus deltoides W. 
Bartram ex Marshall 
eastern 
cottonwood 





1 0 0 1 1 0 FACU 
Potentilla gracilis 
Douglas ex Hook. 
slender 
cinquefoil 
1 0 1 0 0 1 FAC 
Poa pratensis L. Kentucky 
bluegrass 






1 0 1 0 1 0 FACW 
Poa secunda J. Presl Sandberg 
bluegrass 






1 0 1 0 0 1 OBL 
Ratibida columnifera 









1 0 1 0 0 1 FACW 
Ribes aureum Pursh golden currant 1 0 0 1 0 1 FACU 









1 0 1 0 1 0 OBL 
Rosa woodsii Lindl. Woods' rose 1 0 0 1 0 1 FACU 






1 0 1 0 0 1 FACW 
Salix interior Rowlee sandbar 
willow 
1 0 1 0 0 1 FACW 
Salicornia rubra A. 
Nelson 







greasewood 1 0 1 0 0 1 FAC 
Schedonorus 




0 1 0 1 0 1 FACU 
Schoenoplectus 
pungens (Vahl) Palla 
common 
threesquare 
































1 0 1 0 0 1 FACW 
Symphoricarpos 
species 
snowberry 1 0 0 1 0 1 UPL 
Symphyotrichum 
species 
daisy 0 1 NA NA 0 1 NA 
Taraxacum species dandelion 0 1 0 1 0 1 FACU 
Thlaspi arvense L. field 
pennycress 
0 1 0 1 1 0 FACU 
Thinopyrum 
intermedium (Host) 




0 1 0 1 0 1 NA 
Toxicodendron 




1 0 0 1 0 1 FACU 
Tragopogon dubius 
Scop. 





0 1 0 1 1 0 NA 
Typha species cattail 1 0 1 0 0 1 OBL 
Urtica dioica L. stinging nettle 1 0 1 0 0 1 FAC 
Vicia americana 
Muhl. ex Willd. ssp. 
minor (Hook.) C.R. 
Gunn 








1 0 1 0 1 0 FAC 
 



























Figure B.1: Photo of a wallow from the 2014 bison reintroduction site. Our study focused 
on active wallows and signs of bison use include hoof prints, fur, and urine. The wallow 










Table B.1: Species list and categories for Chapter 2. We used the USDA Plants Database 
(https://plants.sc.egov.usda.gov/java/), Manual of Montana Vascular Plants (Lesica 
2012), and Montana Field Guide (http://fieldguide.mt.gov/) to categorize species. The 
hydrophyte designation used the USDA wetland code for the Great Plains region (OBL = 
Obligate Wetland, almost always occurring in wetlands; FACW = Facultative Wetland, 




wetlands; FACU = Facultative Upland, usually occurring in non-wetlands; UPL = 
Obligate Upland, almost never in wetlands). 
 
 
























































hymenoides (Roem. & 
Schult.) Barkworth 
Indian ricegrass 1 0 0 1 0 FACU 
Achillea millefolium L. common 
yarrow 
1 0 0 1 0 FACU 




0 1 0 1 0 NA 
Alyssum desertorum Stapf  desert madwort 0 1 0 1 1 NA 
Artemisia cana Pursh silver 
sagebrush 
1 0 0 1 0 FACU 
Artemisia frigida Willd. prairie 
sagewort 
1 0 0 1 0 NA 
Artemisia longifolia Nutt. longleaf 
wormwood 
1 0 0 1 0 NA 
Artemisia ludoviciana 
Nutt. ssp. Ludoviciana 
white 
sagebrush 
1 0 0 1 0 UPL 
Artemisia tridentata Nutt. big sagebrush 1 0 0 1 0 NA 
Astragalus agrestis 
Douglas ex G. Don 
purple 
milkvetch 
1 0 0 1 0 FACU 
Atriplex argentea Nutt. silverscale 
saltbush 





1 0 0 1 0 NA 




1 0 0 1 0 NA 
Atriplex patula L. spear saltbush 0 1 1 0 1 FACW 
Bassia scoparia (L.) A.J. 
Scott 
burningbush 0 1 0 1 1 FACU 
Bouteloua gracilis (Willd. 
ex Kunth) Lag. ex 
Griffiths 
blue grama 1 0 0 1 0 NA 
Bromus arvensis L. field brome or 
Japanese brome 
0 1 0 1 1 FACU 
Bromus inermis Leyss. smooth brome 0 1 0 1 0 UPL 








1 0 0 1 0 NA 
Carex filifolia Nutt. threadleaf 
sedge 





1 0 0 1 0 NA 
Camelina microcarpa 
Andrz. ex DC. 
littlepod false 
flax 











1 0 0 1 1 NA 
Cirsium arvense (L.) 
Scop. 
Canada thistle 0 1 0 1 0 FACU 
Coryphantha species pincushion 
cactus 
1 0 0 1 0 NA 




1 0 0 1 0 UPL 
Descurainia sophia (L.) 
Webb ex Prantl 
herb sophia 0 1 0 1 1 NA 
Distichlis spicata (L.) 
Greene 
saltgrass 1 0 1 0 0 FACW 
Elymus elymoides (Raf.) 
Swezey 
squirreltail 1 0 0 1 0 UPL 
Elymus trachycaulus 
(Link) Gould ex Shinners 
slender 
wheatgrass 
1 0 0 1 0 FACU 
Erigeron ochroleucus 
Nutt. 
buff fleabane 1 0 0 1 0 NA 
Ericameria nauseosa 
(Pall. ex Pursh) G.L. 
Nesom & Baird 
rubber 
rabbitbrush 










1 0 0 1 0.5 UPL 
Gutierrezia sarothrae 
(Pursh) Britton & Rusby 
broom 
snakeweed 
1 0 0 1 0 NA 
Hesperostipa comata 




1 0 0 1 0 NA 
Hedeoma hispida Pursh rough false 
pennyroyal 
1 0 0 1 1 NA 
Hordeum pusillum Nutt. little barley 1 0 0 1 1 FACU 








1 0 0 1 0 NA 
Lactuca serriola L. prickly lettuce 0 1 1 0 1 FAC 




0 1 0 1 1 NA 
Lactuca tatarica (L.) C.A. 
Mey. var. pulchella 
(Pursh) Breitung 





1 0 1 0 1 FAC 
Lepidium perfoliatum L. clasping 
pepperweed 
0 1 1 0 1 FAC 
Linum australe A. Heller southern flax 1 0 0 1 1 NA 
Logfia arvensis (L.) 
Holub 
field cottonrose 0 1 0 1 1 NA 
Lygodesmia juncea 
(Pursh) D. Don ex Hook. 
rush 
skeletonplant 
1 0 0 1 0 NA 
Machaeranthera 








lacy tansyaster 1 0 0 1 0 UPL 
Melilotus officinalis (L.) 
Lam. 
sweetclover 0 1 0 1 0.5 FACU 
Medicago sativa L. alfalfa 0 1 0 1 0 UPL 









1 0 1 0 1 FAC 
Muhlenbergia cuspidata 
(Torr. ex Hook.) Rydb. 
plains muhly 1 0 0 1 0 NA 









1 0 0 1 0 NA 
Pascopyrum smithii 
(Rydb.) Á. Löve 
western 
wheatgrass 
1 0 0 1 0 FACU 
Panicum virgatum L. switchgrass 1 0 1 0 0 FAC 
Pediomelum argophyllum 




1 0 0 1 0 NA 
Penstemon nitidus 
Douglas ex Benth. 
waxleaf 
penstemon 
1 0 0 1 0 NA 
Phlox andicola E.E. 
Nelson 




Phlox hoodii Richardson spiny phlox 1 0 0 1 0 NA 
Picradeniopsis 




1 0 0 1 0 NA 
Plantago elongata Pursh prairie plantain 1 0 1 0 1 FACW 
Plantago patagonica 
Jacq. 
woolly plantain 1 0 0 1 1 NA 
Poa arida Vasey plains 
bluegrass 
1 0 1 0 0 FAC 
Poa compressa L. Canada 
bluegrass 
0 1 0 1 0 FACU 
Poa pratensis L. Kentucky 
bluegrass 





1 0 1 0 1 FACW 
Poa secunda J. Presl Sandberg 
bluegrass 
1 0 0 1 0 FACU 
Ribes aureum Pursh golden currant 1 0 0 1 0 FACU 
Rosa woodsii Lindl. Woods' rose 1 0 0 1 0 FACU 
Rumex crispus L. curly dock 0 1 1 0 0 FAC 
Salsola tragus L. prickly Russian 
thistle 
0 1 0 1 1 FACU 
Sarcobatus vermiculatus 
(Hook.) Torr. 
greasewood 1 0 1 0 0 FAC 
Selaginella densa Rydb. lesser 
spikemoss 
1 0 0 1 0 NA 









1 0 0 1 0 NA 
Symphoricarpos species snowberry 1 0 0 1 0 UPL 
Symphyotrichum species daisy 0 1 NA NA 0 NA 
Taraxacum species dandelion 0 1 0 1 0 FACU 
Thlaspi arvense L. field 
pennycress 
0 1 0 1 1 FACU 
Thinopyrum intermedium 




0 1 0 1 0 NA 
Thermopsis rhombifolia 




1 0 0 1 0 UPL 
Tragopogon dubius Scop. yellow salsify 0 1 0 1 0.5 NA 








Vicia americana Muhl. ex 
Willd. ssp. minor (Hook.) 
C.R. Gunn 
mat vetch 1 0 0 1 0 NA 
Vulpia octoflora (Walter) 
Rydb. var. octoflora 
sixweeks 
fescue 
1 0 0 1 1 NA 
Xanthoparmelia 
chlorochroa (Tuck.) Hale 
lichen 1 0 NA NA NA NA 
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